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Background: Although bone stress injuries have been reported in individuals with patellofemoral pain 
(PFP), especially within the lateral patella, it remains unclear whether persons with PFP exhibit altered 
patellar regional bone mineral density (BMD). The primary purpose of this study was to compare BMD 
of the patella (lateral, medial, and total regions) between individuals with and without PFP using 
quantitative computed tomography (QCT). The secondary aim was to examine the associations between 
patellar regional BMD and patellofemoral joint (PFJ) alignment.  
Methods: Ten individuals with retropatellar pain and 10 sex, age, weight, height, and activity matched 
pain-free controls underwent a QCT scan to obtain patellar BMD. To quantify PFJ alignment, patellar 
lateral displacement was measured using bisect-offset (BSO) index and lateral tilt was quantified using 
patellar tilt angle (PTA). A two-factor repeated-measures ANOVA was used to compare BMD across the 
three patellar regions and between the two groups. Pearson correlation coefficient analyses were used to 
evaluate the associations between BMD and PFJ alignment of all participants.  
Results: There was no difference in BMD between the two groups. However, BMD was highest within 
the lateral patella and was lowest within the medial patella across both groups. There were significant 
moderate to large correlations between BSO index/PTA and BMD within lateral, medial, and total 
regions.  
Conclusions: While individuals with PFP and pain-free controls have similar patellar BMD, the lateral 
patella exhibits the highest BMD. Additionally, higher patellar regional BMD is related to increased 
patellar lateral displacement and lateral tilt.  
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 Patellofemoral pain (PFP) is a common musculoskeletal problem that affects 25% of the general 
population24 with the hallmark symptom being retropatellar pain10. It has been demonstrated that 
individuals with PFP exhibit patellar bone stress injuries6,14,15 and reduced cartilage thickness8,17, 
especially on the lateral aspect of the patella8,14,17. While the cause of PFP is thought to be multi-factorial, 
these tissue injuries have been suggested to be related to patellofemoral joint (PFJ) malalignment (e.g., 
lateral tilt and lateral displacement of the patella) and/or repetitive overloading of the PFJ26.  
 From a mechanical perspective, it has been suggested that local subchondral bone hardening due 
to overloading leads to cartilage degeneration via altered force distributions across the articular-bone 
interface27,28. This sclerotic bone is less capable of shock-absorption, increasing the forces placed upon 
the articular cartilage, thereby hastening cartilage breakdown and joint degeneration27,28. It has been 
reported that increased systemic bone mineral density (BMD) is associated with the development of 
cartilage loss/defects30 and osteophytes12 of the knee. In addition, increased focal subchondral BMD is 
associated with more severe articular structural changes in periphery joints1,12. To date, although patellar 
bone stress injuries6,14,15 and cartilage thinning8,17 have been reported in individuals with PFP, there is 
little evidence to support the premise that persons with PFP would exhibit altered patellar BMD when 
compared to pain-free controls. In addition, it is unclear whether patellar malalignment would contribute 
to changes of patellar regional BMD. 
 Using dual X-ray absorptiometry (DXA) technology, Leppala et al.21 have found that the 
symptomatic limb has lower patellar BMD when compared to the non-painful side in a cohort with PFP. 
However, it remains unclear if patellar BMD is different between individuals with and without PFP given 
that they did not include a pain-free control group. Additionally, DXA estimates BMD by calculating 
bone mass within a surface area, rather than taking a volumetric measure of a bone region29. As such, 
quantitative computed tomography (QCT) is deemed a more appropriate tool for the analyses of focal 
patellar BMD as it yields voxel-based BMD and can provide more regional details within an individual 




patella (lateral, medial, and total regions) between individuals with and without PFP. The secondary 
purpose was to examine the relationship between PFJ alignment and patellar regional BMD.   
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2. Materials and Methods 
2.1 Participants 
Ten individuals with PFP and 10 pain-free controls between 18 and 40 years old were recruited 
for this study (Table 1). The data from an existing study was used to estimate the sample size for 
detecting changes in bone stress injures of the patella between individuals with and without PFP14. With 
95% power and an α level of 0.05, we estimated that 10 individuals per group would be needed to detect a 
significant difference between groups. This study was approved by the Institutional Review Board of 
University of Nevada, Las Vegas. Informed consent was obtained from all individual participants 
included in the study.  
Individuals with PFP were admitted to the study if they reported retropatellar pain for a minimum 
three months during at least three of the following activities: stair climbing, squatting, running, cycling, or 
sitting for a prolonged period with the knee flexed. Persons with PFP were excluded from participation if 
they reported having any of the following: 1) history of knee surgery; 2) history of knee injury (fractures, 
connective tissue injuries, and muscle injuries), 3) history of patellar dislocation, or 4) increased risk with 
QCT radiation exposure (pregnancy, active cancer/tumor, and/or history of cancer/tumor). To confirm 
eligibility of participation, participants were screened through physical examination to rule out 
concomitant sources of pain. This process included palpation of the soft tissues around the PFJ to identify 
the location of pain. If the source of pain was localized to the quadriceps tendon, patellar tendon, patella 
bursa, patella fat pad, tibiofemoral joint, or the lateral and medial joint line, the participant was excluded 
from the study.  
Participants in the control group were sex, age, height, weight, and activity matched (10% 
difference) to those in the PFP group. Participants’ physical activity levels were determined based on the 
World Health Organization’s Global Physical Activity Questionnaire (GPAQ)3. Participant selection for 
the control group was based on the same criteria as the PFP group except that these participants had no 





Table 1. Participant characteristics. 







Age, years 26.6 ± 6.0 27.2 ± 5.3 0.825 
Height, cm 169.0 ± 10.0 166.7 ± 9.2 0.619 
Weight, kg 71.3 ± 13.9 69.4 ± 15.6 0.787 









VAS maximum pain 7.0 ± 1.0 n/a n/a 
VAS average pain 3.0 ± 1.3 n/a n/a 
AKPS 76.3 ± 6.9 n/a n/a 
Duration of symptoms, 
months 
56.6 ± 59.3 n/a n/a 
All values expressed as mean ± standard deviation. 
Abbreviations: PFP = patellofemoral pain; GPAQ = Global Physical Activity Questionnaire; VAS = 
Visual Analog Scale for Pain (out of 10); AKPS = Anterior Knee Pain Scale (out of 100) 
 
2.2 Procedure 
Each participant underwent a QCT scan. The QCT scan was applied to the symptomatic knee in 
participants who had unilateral pain or the more symptomatic knee for those who had bilateral symptoms. 
For the control participants, the limb being examined was matched to that of their counterpart in the PFP 
group. The system settings for the QCT scan were 80 kVp and 210 mAs. The QCT sampling matrix was 
512 x 512 (voxel size= 0.313 x 0.313 x 2 mm3)16. Participants were positioned supine and a calcium 
hydroxyapatite (CHA) calibration phantom made from a water equivalent solid resin matrix and four 
chambers with CHA densities of 0, 0.05, 0.1 and 0.2 g/cc (Image Analysis, Inc., Columbia, Kentucky, 
USA) was placed under the participant’s knee during the QCT exam16. 
2.3 Data analysis  
2.3.1 BMD measurement 
Patella BMD was processed using a custom Matlab program script (Mathworks, Natick, 
Massachusetts, USA) by four trained investigators (AC, CK, SP, and SS). From the QCT data, average 




unit values were then plotted against the known CHA concentration. Based on the fitted regression line 
between Hounsfield unit and CHA concentration, CHA equivalent densities of all other bone voxels were 
determined (Figure 1b)16. To quantify regional BMD, regions of interests (ROIs) that represent the lateral 
and medial patella were manually determined and the average BMD within each of the ROIs were 
computed. Specifically, the median ridge of the patella was used as the landmark to separate the medial 
and lateral aspects of the patella (Figure 1b). The ROI of the total patella was estimated by summing the 
ROIs of medial and lateral aspects of the patella. The procedure was repeated across all slices that 
encompass the patella and the following equation was used to quantify the average regional (total, lateral, 
and medial) BMD of all images measured. 
  BMD (g/cc)= 
∑ (BMD (n) × area of ROI (n) )n1
∑ area of  ROI (n)n1
 
, where n is number of images. 
 
Figure 1. (a) Sample quantitative computed tomography (QCT) image with four calcium 
hydroxyapatite (CHA) concentrations (0, 0.05, 0.1, and 0.2 g/cc) of QCT calibration phantom; (b) 
quantification of patellar bone mineral density (BMD) on a bone mineral density map. The red and 






2.3.2 PFJ alignment measurement 
PFJ alignment was measured on the slice with the greatest mediolateral width of the patella31 
using ImageJ software (National Institutes of Health, Bethesda, Maryland, USA). The bisect-offset (BSO) 
index, which represents the percentage of the patellar width lateral to the deepest point of the trochlear 
groove, was used to quantify the patellar lateral displacement (Figure 2a)31. A larger BSO index value 
typically represents more lateral displacement of the patella 31. The patellar tilt angle (PTA), which is 
defined as the angle formed between the line connecting the widest points of the patella and a line joining 
the posterior femoral condyles, was used to assess patellar mediolateral tilt (Figure 2b)31. A larger PTA 
value indicates a higher degree of lateral patellar tilt31. The PFJ alignment was measured by the same 
trained investigator (KH). 
2.4 Measurement reliability  
Four investigators (AC, CK, SP, and SS) performed a reliability study to determine inter-and 
intra-rater reliability for quantifying patellar BMD. The investigator responsible for PFJ alignment (KH) 
performed a repeatability study to obtain intra-rater reliability. The investigators performed measurements 
on five sets of images on two separate days at least a week apart. Intraclass correlation coefficient (ICC) 
Figure 2. (a) Measurement of patellar lateral displacement using bisect-offset (BSO) index = 
[length(AB) / length(AC)] × 100%; (b) measurement of patellar mediolateral tilt using patellar 
tilt angle (PTA). In this figure, A and C represent the most lateral and medial points of the 




and standard error of measurement (SEM) were used determine intra-/inter-rater reliability of image 
processing. The SEM was estimated by multiplying the standard deviation by √ (1 minus the reliability 
coefficient).  
The intra-rater reliability of measuring focal patellar BMD for the 4 responsible investigators was 
excellent (medial region: ICC = 0.996-1.00; SEM = 0.001-0.003 g/cc; lateral region: ICC = 0.997-0.999; 
SEM = 0.001-0.002 g/cc, and total region: ICC = 0.997-1.00; SEM = 0.001-0.003 g/cc). The inter-rater 
reliability of patellar BMD measurements was excellent (medial region: ICC = 0.975; SEM = 0.007 g/cc; 
lateral region: ICC = 0.964; SEM = 0.008 g/cc, and total region: ICC = 0.975; SEM = 0.007 g/cc). The 
investigator responsible for PFJ alignment measures also demonstrated excellent reliability for the 
measurements of BSO index (ICC = 0.995; SEM = 0.009%) and PTA (ICC = 0.974; SEM = 1.55°). 
2.5 Statistical analyses 
A 2-factor repeated-measures ANOVA was used to compare BMD across the three regions 
(lateral, medial, and total) and between the two groups (PFP and control). If a significant region-by-group 
interaction or a significant main effect was found, post hoc testing (paired t tests with a Bonferroni 
correction) was employed. Pearson correlation coefficient analyses were used to evaluate the associations 
between BMD and PFJ alignment measures of all participants. Correlation was defined as small 0.1-0.3, 
moderate 0.3-0.5, large 0.5-0.7, very large 0.7-0.9, extremely large > 0.919. All statistical analyses were 
performed with the use of SPSS 24.0 statistical software (International Business Machines Corp, Armonk, 




A 2-factor repeated measures ANOVA showed that there was not a significant main effect of 
group on patellar BMD (P = 0.350). There was also no group-by-region interaction effect (P = 0.503). 
However, there was a significant main effect of region on patellar BMD (P < 0.001). When both groups 
were combined, post-hoc pairwise comparison analyses with Bonferroni corrections revealed that patellar 
BMD was highest in the lateral region when compared with the medial and total regions (lateral: 0.53 ± 
0.08 g/cc vs. medial: 0.43 ± 0.06 g/cc, P < 0.001; lateral: 0.53 ± 0.08 g/cc vs. total: 0.49 ± 0.07 g/cc, P < 
0.001). In addition, the BMD of the total patellar region was significantly higher than that of the medial 


















Figure 3.  Comparison of bone mineral density in lateral, medial, and total patellar regions 
between participants with patellofemoral pain (PFP) and pain-free controls. Error bars 
indicate standard deviations.  
* indicates a significant difference from medial patellar BMD using a 2-factor ANOVA with 
repeated-measures and post-hoc paired t test with a Bonferroni correction (P < 0.01).  
# indicates a significant difference from total patellar BMD using a 2-factor ANOVA with 




Pearson correlation coefficient analyses revealed significantly large, positive correlations between 
patellar lateral displacement (i.e., BSO index) and BMD in the lateral (R = 0.529; P = 0.017), medial (R = 
0.507; P = 0.023), and total (R = 0.532; P = 0.016) regions of the patella (Figure 4. a.-c.). In addition, 
there were significantly moderate, positive associations between patellar mediolateral tilt (i.e., PTA) and 
BMD in the lateral (R = 0.470; P = 0.036), medial (R = 0.460; P = 0.041), and total (R = 0.471; P = 






Figure 4.  The correlations between bisect-offset (BSO) index and (a) lateral patellar density; (b) medial 
patellar density; (c) total patellar density, and  between patellar tilt angle (PTA)  and (d) lateral patellar 
density; (e) medial patellar density; (f) total patellar density. *indicates a significant correlation (P < 




To the authors’ knowledge, this is the first study examining patellar BMD profiles in individuals 
with and without PFP using a QCT technique. The primary purpose of this study was to compare focal 
patellar BMD between individuals with PFP and pain-free controls. Our findings suggested that BMD 
was similar between individuals with and without PFP across lateral, medial, and total regions. However, 
the lateral aspect of the patella exhibited the highest BMD when compared to the medial and total regions 
of the patella across all participants. The secondary purpose of this study was to investigate the 
associations between patellar regional BMD and PFJ alignment, including patellar lateral tilt and lateral 
displacement. Our data showed that higher patellar regional BMD was related to increased patellar lateral 
displacement and patellar lateral tilt. 
Prior studies examining BMD in healthy patellae have shown that the lateral region of the patella 
exhibits higher BMD than the medial region7,18, likely due to long-term high stresses experienced by the 
lateral aspect of patella14,15. This finding was confirmed by our results showing increased BMD in the 
lateral patella across participants with and without PFP. Our data did not show a statistically significant 
difference in patellar BMD between individuals with and without PFP. The insignificant findings might 
be attributed to the large standard deviations (Figure 3) and wide ranges of BMD values (Figure 4) 
observed in our study. Leppala et al.21 examined patellar BMD in people with PFP and found that patella 
BMD was lower in the symptomatic knee. The different findings in patellar BMD changes in individuals 
with PFP between our study and Leppala et al.’s work may be explained by the fact that Leppala et al.21 
compared side-to-side differences in participants with PFP, whereas our study compared the most 
symptomatic knee of participants with PFP to the matched limb of pain-free controls. As BMD can be 
influenced by a number of factors, such as age20, sex2, body weight11, genetics20, physical activity level 
and type20, medications20, calcium intake20, alcohol use20, and smoking20, the side-to-side comparisons 
within-subject used by Leppala et al.21 is thought to account for the variations of these contributing 
factors, leading to a statistically significant difference between sides. While we attempted to control age, 




such as genetics, life-style habits, and environmental factors. Nevertheless, our work provided the 
information regarding QCT-based, patellar regional BMD in individuals with PFP and pain-free controls. 
While increased BMD is thought to be a potential indicator of PFJ degeneration, Li et al.22 
discuss potential different subchondral bone adaptations in the development and progression of joint 
degeneration. Specifically, initial stages of joint degeneration are often associated with thinning of the 
subchondral plate and increased porosity, which results in decreased BMD22. Later stages, however, are 
associated with subchondral thickening and increased bone volume resulting in increased BMD22. These 
temporal differences in subchondral bone remodeling may in part explain why our results showed no 
differences in BMD between the PFP and control groups. The existing literature has revealed that about 
16% to 62% of individuals of PFP present with magnetic resonance imaging (MRI)-detected, articular 
structural degeneration (e.g., cartilage defects, osteophytes)32. Thus, it is possible that different stages of 
bone remodeling and joint degeneration took place in our participants. As the QCT technique does not 
provide detailed joint degeneration markers (e.g., cartilage defect, bone marrow lesions, 
inflammation)22,32, future study is required to examine how different stages of joint degeneration may 
impact patellar focal BMD. 
Our study showed that patellar lateral displacement and tilt were moderately to largely associated 
with increased focal BMD. This relationship may be explained by the fact that the PFJ exhibits a higher 
loading in the presence of PFJ malalignment26. Specifically, increased patellar lateral tilt/displacement is 
thought to cause a reduction in PFJ contact area26, thereby elevating the stress within the PFJ (defined as 
PFJ reaction force per unit area of contact of the patella against the femur)26 and bone stress injuries14,15. 
Increased stress to subchondral bone produces a cascade of events ultimately resulting in increased bone 
formation and decreased bone resorption in the area of stress5,28. Furthermore, the existing literature has 
also demonstrated that PFJ malalignment is related to cartilage defects and osteophytes of the PFJ13,32. 
Based on our data and previous studies, it is believed that PFJ malalignment plays a critical role in the 





With respect to the findings of the current study, several limitations must be considered. First, our 
participants were relatively young (Table 1), which could limit the generalizability of our data to older 
populations with PFP. Second, although our study contained the necessary number to meet the pre-
calculated effect size, a larger sample size may yield better understanding of the patellar focal BMD 
changes in this population. Furthermore, participant positioning during the CT scan consisted of laying 
supine with the knee extended in a relaxed position, which might not reflect the PFJ alignment during 
weight-bearing25. Therefore, the relationships between weight-bearing PFJ alignment and focal patellar 




While our study suggests that individuals with PFP and pain-free controls had similar patellar 
BMD, the lateral patellar region exhibited the highest BMD when compared to medial and total regions 
across both groups. Additionally, higher patellar regional BMD was related to increased patellar lateral 
displacement and patellar lateral tilt. The findings suggest that altered patellar BMD may not be explained 
by the presence of patellofemoral joint symptoms. As patellar malalignment is associated with increased 
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o Office Assistant 




Research Activity  
 Graduate Projects (in progress) 
o Comparisons of Patellar Bone Mineral Density Between Individuals with and without 
Patellofemoral Pain 
 Principle Investigator: Kai-Yu Ho, PT, MSPT, PhD 
 Presented at American Physical Therapy Association Combined Sections 
Meeting, Orthopaedic Platform Session, February 2020 
 Submitted for publication to The Knee, accepted for publication 
o Use of Treatment Frequency and Duration Guidelines in Outpatient Pediatric Physical 
Therapy Services 
 Principle Investigator: Katherine Joines, PT, DPT 
o Characterization of the spinal reflex circuit function and Achilles’ tendon 
micromorphology in individuals with chronic post-stroke hemiparesis  
 Principle Investigator: Jing Nong Liang, PT, PhD 
o Patellar tendon morphology in trans-tibial amputees utilizing a patellar-tendon-bearing 
prosthesis 
 Principle Investigator: Kai-Yu Ho, PT, MSPT, PhD 
 Undergraduate Projects (unpublished) 
o “Effect of Isolated Hamstring Strengthening on Unanticipated Drop-Landing Knee 
Kinematics in Females” – December 2015 
 Faculty mentor: Ryan McCulloch, PhD 
 Poster presentation at American College of Sports Medicine Northwest Chapter 
Meeting April 2016 
o “Studying While Exercising The Effects of Moderate Exercise on Long-Term Memory” 
– May 2015 
 Faculty mentor: David Thorp, PhD 
 Poster presentation at American College of Sports Medicine Northwest Chapter 
Meeting April 2016 
Membership in Professional Organizations 
 American Physical Therapy Association (2017 to present) 
 Nevada Physical Therapy Association (2017 to present  
 American Physical Therapy Association Sections on Research, Neurology, and Pediatrics (2017 
to present) 
Honors and Awards 
 UNLV Graduate and Professional Student Association Research Forum – 2019 
o 2nd Place Award – Allied Health Sciences, Community Health Sciences, and Medicine 
Podium Session 
 UNLV Graduate and Professional Student Association Research Sponsorship – 2019  
 UNLVPT Department Scholarship – 2017, 2018, and 2019 
 UNLVPT Student Opportunity Research Grant – 2018 
 Doyle Foundation Scholarship – 2018 







Department of Physical Therapy, University of Nevada, Las Vegas 
4505 Maryland Parkway, Las Vegas, Nevada 89154 
ckhuu@outlook.com 
Education 
May 2020 | Doctor of Physical Therapy | University of Nevada, Las Vegas – Las Vegas, NV 
May 2014 | Bachelor of Science in Health Sciences | University of Arizona – Tucson, AZ 
May 2012 | Associate of Science | Pima Community College – Tucson, AZ 
Licensure 
 Pending National Physical Therapy Examination, 2020 
Certifications 
 American Heart Association, BLS for Healthcare Providers (expires April 2020) 
 Certified HawkGrips Practitioner Level I (September 2018) 
 HIPAA Training Certified (September 2017) 
 Blood-borne Pathogens Training Certified (September 2017) 
Clinical Affiliations 
Student Physical Therapist – Advanced Health Care of Henderson – Las Vegas, Nevada 
January 2020 – March 2020  
 
Student Physical Therapist – St. Rose Dominican Hospital, San Martin – Las Vegas, Nevada 
September 2019 – December 2019 
 
Student Physical Therapist – Rapid Rehab Physical Therapy – Las Vegas, Nevada 
July 2019 – September 2019 
 
Student Physical Therapist – ATI Physical Therapy – North Las Vegas, Nevada 
June 2018 – August 2018 
Employment  
Physical Therapy Technician – Tucson Orthopaedic Institute, Physical Therapy – Tucson, AZ 
August 2014 – May 2017 
 
Member Services Specialist II – YMCA of Southern Arizona – Tucson, AZ 







Research Activity  
 Cummins A, Khuu C, Parker S, Shepherd S, Ho KY. Comparisons of Patellar Bone Mineral 
Density Between Individuals With and Without Patellofemoral Pain 
o Presented at American Physical Therapy Association Combined Sections Meeting, 
Orthopaedic Platform Session, February 2020  
o Submitted for publication to The Knee, accepted for publication 
Membership in Professional Organizations 
 Member American Physical Therapy Association (2017 to present) 
 Member Nevada Physical Therapy Association (2017 to present) 
Honors and Awards 
 2019 UNLV Physical Therapy Scholarship Award 





















Department of Physical Therapy, University of Nevada, Las Vegas 
4505 Maryland Parkway, Las Vegas, Nevada 89154 
stevennshepherd23@gmail.com 
Education 
May 2020 | Doctor of Physical Therapy | University of Nevada, Las Vegas – Las Vegas, NV 
May 2014 | Bachelor of Science in Nutritional Science | Brigham Young University – Provo, UT 
Licensure 
 Pending National Physical Therapy Examination, 2020 
Certifications 
 American Heart Association, BLS for Healthcare Providers (expires April 2020) 
 HIPAA Training Certified (September 2017) 
 Blood-borne Pathogens Training Certified (September 2017) 
Clinical Affiliations 
Student Physical Therapist – St. Rose Dominican Hospital, Siena – Henderson, Nevada 
January 2020 – March 2020  
 
Student Physical Therapist – Spring Valley Hospital – Las Vegas, Nevada 
September 2019 – December 2019 
 
Student Physical Therapist – Sunrise Hospital Pediatrics – Las Vegas, Nevada 
July 2019 – September 2019 
 
Student Physical Therapist – Concentra Physical Therapy – Henderson, Nevada 
June 2018 – August 2018 
Employment  
Diet Technician – Utah State Hospital – Provo, UT 
June 2016 – April 2017 
 
Physical Therapy Technician – Utah Valley Physical Therapy – Provo, UT 
October 2014 – May 2016 
Research Activity  
 Cummins A, Khuu C, Parker S, Shepherd S, Ho KY. Comparisons of Patellar Bone Mineral 




o Presented at American Physical Therapy Association Combined Sections Meeting, 
Orthopaedic Platform Session, February 2020  
o Submitted for publication to The Knee, accepted for publication 
Membership in Professional Organizations 
 Member American Physical Therapy Association (2017 to present) 
 Member Nevada Physical Therapy Association (2017 to present) 
Honors and Awards 
 2018 UNLV Physical Therapy Scholarship Award 
